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Ultra-intense lasers produce and manipulate plasmas, allowing to locally generate extremely high
static and electromagnetic fields. This Letter presents a concept of an ultra-intense optical tweezer,
where two counter-propagating circularly polarized intense lasers of different frequencies collide on
a nano-foil. Interfering inside the foil, lasers produce a beat wave, which traps and moves plasma
electrons as a thin sheet with an optically controlled velocity. The electron displacement creates
a plasma micro-capacitor with an extremely strong electrostatic field, that efficiently generates
narrow-energy-spread ion beams from the multi-species targets, e.g. protons from the hydrocarbon
foils. The proposed ion accelerator concept is explored theoretically and demonstrated numerically
with the multi-dimensional particle-in-cell simulations.
While low-intensity laser tweezers and lattices manipu-
late microscopic objects [1–3], lasers with higher intensi-
ties ionize matter and exert a force on the released plasma
[4]. In the subcritical density plasmas, where electron
plasma frequency ωpe =
√
4pirec2ne/γe is smaller than
that of the laser ω0, laser beams can propagate and drive
wakefields, which is actively used now for electron ac-
celeration [5, 6]. For the relativistically intense lasers,
a0 = eEL/mecω0  1, electron plasma frequency is re-
duced by the Lorentz factor, γe ≈ a0/
√
2, allowing light
to penetrate even solid, overcritical plasma densities [7].
Such interaction occurs in the process of laser accelera-
tion of ions, where laser heats a solid target to generate
plasma with a strong charge separation [8, 9]. Here we
have used e, me and re to denote the electron charge,
rest mass and classical radius, ne, and γe stand for the
density and effective Lorentz factor of electron plasma,
and c is the speed of light.
Modern high power lasers and advanced targetry pro-
vide a number of laser ion acceleration methods includ-
ing acceleration via shealth fields [10], radiation pres-
sure [11, 12], collisionless shock [13–15], magnetic vor-
tices [16–18] etc. In most of the existing schemes, the
charge-separation fields are produced by thermal elec-
trons heated by intense lasers, that accelerate ions from
solid targets, delivering an ion flux with a complex
and typically broad spectrum of different species. The
radiation pressure schemes, in particular the so-called
light sail (LS) acceleration, take another path – laser
pushes an ultra-thin foil and accelerates all particles at
the same rate, and thus is capable of generating quasi-
monoenergetic beams [11, 19–22]. In LS, the laser plasma
heating is minimized. However, target becomes suscep-
tible to the destructive plasma instability [19, 23], which
was shown recently to be related to the coupling between
electron oscillations and ion plasma modes [24, 25]. In
this Letter we present a new acceleration concept, where
two ultra-intense laser beams are used to spatially sep-
arate the electron and ion species thereby acting as a
relativistically intense optical tweezer. In this approach,
plasma instability is fully mitigated, and high gradi-
ent acceleration is produced by the optically controlled
charge-separation, which provides high quality of accel-
erated ions.
The proposed optical scheme relies on two circularly
polarized (CP) lasers of different frequencies colliding on
a single nano-foil (see Fig.1). In order for the lasers
to interfere inside the target, its thickness needs to
be smaller than the relativistic skin depth of electron
plasma, ls = c
√
γe/ωpe. Once lasers collide on the tar-
get, their fields sum up into a beat wave, and its propa-
gation direction and velocity are controlled by the ratio
of the laser frequencies. Electrons of the foil first get
squeezed into a thin sheet by the radiation pressure, and
then are dragged by the beat wave, as if grabbed by a
pair of tweezers. This creates a nearly constant longi-
tudinal electric field between the electron sheet and the
slow ion core (see Fig. 1b and c). If the target contains
an admixure of light and heavy ions, then the light ions
(e.g. protons) are quickly accelerated by this static field,
and gain high energies on a distance of few micrometers.
This relativistic tweezer scheme has been demon-
strated based on a three-dimensional particle-in-cell
(PIC) simulation using code OSIRIS [26], where two
counter-propagating ten-cycle, temporally flat-top CP
laser pulses with wavelengths λ1 = 0.8 µm and λ2 = 2λ1,
and a1,2 = a0 = 16 are focused to 8 µm spots on a 20 nm
hydrocarbon foil. The pre-ionized uniform plasma foil
has electron density ne = 100nc, proton density 10 nc,
and C+6 ion density 15 nc, where nc = 1.74× 1021 cm−3
is the critical plasma density for 800 nm laser wavelength.
Initial electron temperature is set to 1 keV. To resolve ki-
netics of the high density plasma, we use numerical grid
with the longitudinal cell size ∆z = 3 nm and the trans-
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FIG. 1. (a) Two circularly polarized lasers (electric field con-
tours shown in red and blues) propagating towards a nano
hydrocarbon foil (gray). (b) Interaction at t = 20 fs: the
extracted electron disk (negative charge shown with green)
is followed by accelerated protons (black dots), while carbon
ions are still immobile (positive charge is purple). Yellow
arrows show a strong electrostatic field Ez created between
electrons and carbon ions. (c) Electron density ne and electric
field Ey, on laser axis (t = 20 fs).
verse ones ∆x = ∆y = 10 nm. To ensure low particle
noise, 32 macro-particles per species per cell are used.
The output of this simulation is presented in Figure 1.
Let us first consider the dynamics of an electron in the
electromagnetic wave created by two lasers with the fre-
quencies ω1 > ω2, wavenumbers k1 ,2, and the same am-
plitudes a0. The field of interfering lasers has a phase
component, a ∝ sin[(z − vtwt)(k1 + k2)/2], which trav-
els at a sub-luminal velocity vtw = (ω1 − ω2)/(k1 + k2),
in the direction of the higher frequency laser. In a
frame co-propagating with this beat-wave, both lasers
have the same frequencies ωtw =
√
ω1ω2 and wavenum-
bers ktw =
√
k1k2, and the total on-axis laser field can be
written as,
atw = 2a0 sin ktwz(ey cosωtwt+ ex sinωtwt) , (1)
where ex and ey are the transverse unit vectors. Con-
sidering that initially electron is at rest, its longitudinal
motion follows the equation,
dpz/dt = fp − fs ,
where two terms in the right-hand side are
the ponderomotive force of the standing wave
fp = −(2a20/γe)mecωtw sin 2ktwz, and the aver-
aged Coulomb force from the charge-separation
fs = eEz/2 = 2pie
2nel0. Here, l0 is the initial tar-
get thickness, and Ez = 4pienel0 is the charge-separation
field (shown with arrows in Fig. 1b). To estimate the ra-
tio between these forces, we first assume a minimal laser
amplitude to be defined by the relativistic transparency
condition [27], a0 & 2pil0ne/λ1nc, where we have added
a fitting factor of 2 estimated from the simulations. We
also assume the effective electron Lorentz factor γe ≈ a0,
from which one can show that the charge-separation
force is actually small compared to the maximum of
ponderomotive force, fs ≈ fp/4. Therefore, neglecting
fs, and for the initial electron velocity in the moving
frame vz0 = −vtw, we can estimate that electron is
trapped, if vtw . 2a0c/
√
1 + 4a20. For the ultra-intense
lasers, a0  1, this allows electron trapping even for the
nearly luminal tweezer velocities, vtw ≈ c. In the present
simulation, vtw = c/3.
Once trapped, electron sheet moves helically in the
laser field and travels with the beat-wave in a phase de-
termined by both, laser ponderomotive force and static
field of the ion plasma. Their averaged phase orbit is
shown in Fig. 2a. Since the transverse oscillations are
relativistically strong, the electrons produce a broadband
synchrotron light [28], which in this case is emitted into a
ring-like shape at the angle θemit = arctan(
√
c2/v2tw − 1)
to the tweezer propagation direction. In Fig. 2b we show
the numerically reconstructed spectral-angular radiation
distribution, where the emission angle θ = 66◦ is close to
theoretical estimate θemit ' 70◦. The critical photon en-
ergy ~ωc ≈ 0.25 keV, and total radiated energy reaches a
few micro-Joules level (for the trapped charge ' 20 nC).
For the considered interaction parameters, the charge
separation field between electron sheet and ion plasma
reaches Ez ∼ 60 TV/m, and accelerates protons on a
time scale, when the heavier carbon ions are essentially
immobile (see Fig.1b). This acceleration is nearly uni-
form, and it continues until protons outrun the electron
sheet. The maximum acceleration time tmax can be esti-
mated as
tmax =
2vtwγ
2
tw
α
, (2)
where α = eEz/mp is the acceleration rate of protons,
mp is the proton rest mass, and γtw = c/
√
c2 − v2tw is
the Lorentz factor of the moving frame. Integrating the
accelerated motion one can get the maximum energy gain
of protons,
max = 2mpv
2
twγ
2
tw. (3)
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FIG. 2. (a), Time evolution of the average electron transverse momenta colored by its longitudinal velocity vz. In the transverse
plane, electrons move in a helical trajectory, and their longitudinal motion includes a constant velocity of 0.34c (group velocity
of the beat pattern) and small oscillations. (b), The angular distribution of the incoherent radiated energy in normalized units.
The dashed line shows the emission angle of 66◦.
In the simulation presented in Fig.1, acceleration pro-
cess lasts for about 40 fs, and protons gain maximum
energy of 220 MeV. These values are in good agreement
with the theoretical estimates of 36 fs and 230 MeV from
Eqs. (2) and (3) respectively. In Fig. 3, we show the pro-
ton phase space at the moment when they outrun the
electrons. One can see a quasi-monoenergetic group of
protons with a FWHM energy spread around 20% formed
within a small divergence angle θ⊥ ≡ P⊥/Pz ≤ 10 mrad
(orange colormap and curve). This group contains∼ 1010
particles, and it may indeed be of interest for the ra-
diotherapy applications [29, 30]. Meanwhile, about 1011
protons with the broadband spectrum and larger diver-
gence, θ⊥ > 10 mrad, (green in Fig. 3a) originate from
the borders of irradiated region, where the accelerating
field becomes three dimensional (position dependent).
We note, that the above analysis assumes the flat-top
laser temporal profiles. It is important to verify how
the discussed mechanisms are affected by the finite laser
shapes, and for this we have run a series of additional 2D
PIC simulations. These simulations show, that for beams
with Gaussian temporal envelopes the tweezer effect is
very similar to the idealized case, and production of 200
MeV protons in this case required slightly higher field
amplitudes, a0 = 19. The finite transverse profiles of
laser beams also have an important effect on the scheme.
Since the extracted electron sheet has a finite size, lasers
can diffract at its edges, and this diffraction erodes the
edges of the electron sheet, thus decreasing its size with
propagation. From the simulations we have found that
the time of the sheet destruction depends on the lasers
radii as teff ≈ 1.3w0/c.
From these considerations, we can now estimate
how the maximum proton energy scales with the in-
put laser energy. Erosion time of the electrons from
the sheet edge defines the required laser durations
as, τ1 ,2 ' (1∓ vtw/c)teff, and their energies scale as,
W1 ,2 ∝ τ1,2(a0w0)2. Assuming that the optimal accel-
eration is reached, when teff is close to the 1D maximum
acceleration time tmax (Eq. 2), one can find the scaling
as:
max[MeV] ' 0.34
(
Wlaserλ1
w0
)2
+ 49.5
Wlaserλ1
w0
, (4)
where the total laser energy Wlaser = W1 + W2 is in
Joules, and λ1 and w0 are in the same units. We note that
the value of λ2 is determined by the relation of teff ' tmax,
and varies for different proton energy (see Eq. 3).
We have tracked this dependency in a series of 2D PIC
simulations, by considering only the collimated protons,
in θ⊥ ≤ 10 mrad (see Fig. 3b). In these simulations, both
lasers have Gaussian temporal and super-Gaussian trans-
verse profiles, and target ion composition is the same as
in the above 3D case. The values of λ1 = 0.8 µm and
w0 = 4µm and l0 = 50 nm are fixed, while other param-
eters were chosen in a way described previously in order
to maintain the optimal acceleration conditions.
As shown in Fig. 3b and 3c, protons with 4%− 20%
energy spreads and energies from 20 MeV to 830 MeV
are obtained for 1 J to 80 J of laser energies. This agrees
well with the dependency given by Eq. (4). Assuming
a cylindrical symmetry we estimate the corresponding
quantities of the physical protons in these simulations
as ∼ 1010. In Fig. 3c, the added 3D simulation also
shows similar proton final energy. Besides, we have com-
pared this tweezer approach with the “light sail” scheme
for the same laser energy and optimal acceleration pa-
rameters [21, 22]. The result shows, that the present
scheme can provide 2-5 times higher energy gain than the
“light sail” acceleration. By adding time jitters between
laser pulses or imbalancing their amplitudes in the sim-
ulations, we have found that the acceptable jitter limit
is about 10 femtoseconds, and the normalized laser am-
plitudes should not deviate from each other more than,
|a2/a1 − 1| ≤ 0.2.
In conclusion, we have proposed a high-intensity laser
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FIG. 3. (a), Density distribution of the accelerated protons in the (Px − energy) space with divergence angles θ⊥ ≡ P⊥/Pz
less than 10 mrad (orange) and more than 10 mrad (green), where mp is proton rest mass. Energy spectrum of the collimated
protons is plotted in orange curve. (b), Spectra of the collimated proton beams with θ⊥ ≤ 10 mrad at different laser energies
of 1.2 J (blue), 9 J (orange), 19 J (green), 44 J (red) and 81 J (purple). (c), Scaling of the proton peak energy against the laser
energy: solid blue curve shows the theoretical estimate; the green crosses and red triangles show 2D and 3D PIC simulation
results, respectively; the purple squares gives 2D PIC simulation results for “light sail” (LS) scheme.
tweezer based on two relativistically intense lasers of dif-
ferent frequencies colliding on a nano-foil. The moving
beat pattern of the lasers acts as a tweezer that drags
the plasma electrons out of the ionized foil. The resul-
tant capacitor-like field readily accelerates protons from
the hydrocarbon plasma. The scheme is free of electron-
ion coupling instability and is based on a simple nano-
foil. This makes the proposed approach simpler to re-
alize in practice compared to another recently proposed
scheme that employs a standing wave incident on multi-
nano-layers with an accurate phase control of a chirped
laser [31]. The process is also accompanied by a strong
synchrotron-like emission in the sub soft x-ray region,
which can be used as a direct diagnostics of the inter-
action parameters, e.g. the tweezer phase velocity. Pro-
duction of the two color laser pair, can be potentially
achieved used through second-harmonic generation [32]
or OPCPA techniques[33, 34]. We anticipate this concept
to open the path for the next generation of the compact
laser-based high quality proton accelerators, and a wide
range of their applications.
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